Objective: To compare the short-term effect of a high milk and a high meat intake, identical in protein amount, on bone turnover during prepuberty. Setting: A University Department. Design and Subjects: From 28, randomly recruited, 8-year-old boys, first 14 were assigned to the milk group and next 14 to the meat group. In each group, 12 boys finished the dietary intervention. Intervention: Milk (1.5 l/day) and meat (250 g/d), both containing B53 g of protein, were given together with the habitual diet for 7 days. At baseline and dayÀ7, serum osteocalcin (s-OC), bone-specific alkaline phosphatase (s-BAP) and C-terminal telopeptides of type I collagen (s-CTX) were measured (immunoassay) and dietary intake was estimated (a 3-day weighted food record). Results: Baseline s-OC, s-BAP and s-CTX were not significantly different between the groups. After 7 days, the average protein intake increased in both groups by 47.5 g; the milk group had higher (Po0.0001) calcium intake; s-OC and s-CTX decreased (Pp0.04) in the milk group (À30.9%; À18.7%, respectively) compared with the meat group ( þ 6.4%; À1.0%, respectively) and s-BAP decreased (P ¼ 0.06) both in the milk (À3.9%) and the meat group (À7.5%). Conclusions: At the equal protein intake, milk, but not meat, decreased bone turnover in prepubertal boys after 7 days. This effect was probably due to some milk-derived compounds, rather than to the total protein intake. Future studies should elucidate the mechanism(s) of milk-related decline of bone turnover and its relevance for peak bone mass during growth. Sponsorship: University PhD scholarships.
Introduction
The demographic shift towards an older society has increased the prevalence of age-related diseases, such as osteoporosis (Ferrari, 2005) . The risk of osteoporosis later in life can be reduced by obtaining a high peak bone mass during growth (Baroncelli et al., 2005) . Up to 20% of the variation in peak bone mass is affected by lifestyle, including nutrition (Ferrari, 2005) . Therefore, it is important to identify nutritional factors that could be used for prevention of osteoporosis.
Milk is a rich source of compounds, which appear to benefit bone development (e.g. bioactive peptides, calcium, growth factors). In the large, third National Health and Nutrition Examination Survey (NHANES III), high milk intake during childhood and adolescence correlated (Po0.05) with a greater bone mineral density (BMD) and a lower risk of bone fracture later in life (Kalkwarf et al., 2003) . Similarly, present milk intake correlated positively (Po0.05) with bone-mineral acquisition in teenage girls (Du et al., 2002) , and milk avoidance was associated (Po0.001) with an increased risk of prepubertal, low-trauma bone fracture in children aged 3-10 years (Goulding et al., 2004) . Also, many intervention trials have reported a positive effect of milk on bone mass during growth (Cadogan et al., 1997; Du et al., 2004; Zhu et al., 2005) . However, these studies were designed to compare a diet supplemented with milk, to a habitual diet, with respect to bone mass and bone turnover. Therefore, they did not account for the difference in protein intake between the milk and the control group, and could not clarify whether the increase in BMD after milk supplementation occurred owing to a higher intake of total protein or owing to other active compounds derived from milk.
Dietary protein is recognized as an important determinant of bone metabolism, and its adequate intake is essential for proper bone development (Ginty, 2003) . It has been reported that patients with a recent hip fracture, who received 20 g of protein per day, had attenuated bone loss (Po0.02) compared to an isocaloric-placebo group (Schurch et al., 1998) . Furthermore, an increased dietary protein intake has been significantly positively associated with size-adjusted bone area in 10-year-old children (Hoppe et al., 2000) , bone mineral content (BMC) in 8-year-old children (Bounds et al., 2005) and cortical BMC in children aged 7-17 years (Alexy et al., 2005) .
The aim of this short-term intervention study was to compare the effect of a high milk and a high meat intake, identical in the amount of protein, on markers for bone formation and bone resorption in prepubertal boys.
Materials and methods

Study design and subjects
The design and subjects of the present study have been previously described in details (Hoppe et al., 2004) . In summary, 8-year-old boys were randomly recruited through the Central Personal Register from Copenhagen and Frederiksberg area between September and October 2000. The study protocol was approved by The Ethics Committee of Copenhagen and Frederiksberg (J. No. KF 01-097/00) and written consent was obtained from the subjects' parents. From all 313 invited subjects, 30 agreed to participate in the study and 28 were eligible. All subjects were healthy; had normal growth; had habitual daily milk intake 4500 ml; and did not take any medications known to affect growth and bone metabolism. In November 2000, 14 boys, who first agreed to participate in the study, were assigned to the milk group, and asked to consume 1.5 l of skimmed milk per day. In March 2001, the next 14 boys were assigned to the meat group, and asked to consume 250 g of low-fat meat per day. Both milk and meat supplements were designed to contain B53 g of protein.
In each group, 12 participants completed the dietary intervention.
Anthropometry and dietary assessment
Height was measured to the nearest millimetre with a wallmounted stadiometer, and weight was measured in light clothing with an electronic digital scale to the nearest 100 g. The subjects were instructed to maintain their normaldietary intake during the study period. A 3-day weighted food record (2 week days and 1 weekend day) was kept before (days À3 to 0) and at the end of the study (days 5 to 7). The average daily intake of energy and selected nutrients was calculated for each subject using the Danish foodcomposition database (DANKOST 2000, Dansk Catering Center, Herlev, Denmark) .
Biochemical measurements
At baseline and after 7 days of the dietary intervention, fasting blood samples were drawn from a vein puncture. To avoid circadian rhythm, blood was collected between 0800 and 1000 h in the morning. Serum was separated and stored in À801C until further analyses. Serum bone-specific alkaline phosphatase (s-BAP) concentrations were measured using enzyme-linked immunoassay (ELISA) kits (Metra, Quidel Corporation, San Diego, CA, USA). Before the analysis, 40 ml of each sample was diluted with 160 ml of assay buffer to achieve concentrations within the calibration curve (detection limit at 150 U/l). All samples were analyzed in a duplicate. Maximum coefficient of variation (CV) for each s-BAP duplicate was 5.5%. Intra-and inter-assay precision CVs of internal standards were 1.3% (n ¼ 6) and 2.2% (n ¼ 8), respectively. Serum C-terminal telopeptides of type I collagen (s-CTX) concentrations were measured by ELISA kits (Nordic Bioscience Diagnostics, Herlev, Denmark). Before the analysis, 40 ml of each sample was diluted with 160 ml of standard-A to achieve concentrations within the calibration curve (detection limit at 3.26 ng/ml). All samples were analyzed in a duplicate. Maximum CV for each s-CTX duplicate was 6.3%. Intra-and inter-assay precision CVs of internal standards were 5.8% (n ¼ 7) and 8.2% (n ¼ 5), respectively. Serum osteocalcin (s-OC) concentrations were analyzed using automated chemiluminescent immunoassay (IMMULITE 1000, DPC Biermann GmbH, Germany). Intraand inter-assay precision CVs of internal standards were 3.5% (n ¼ 12) and 5.6% (n ¼ 7), respectively.
Statistical analysis SAS (version 8.2; SAS Institute Inc, Cary, NC, USA) was used for data analyses. All data are presented as means7s.d., and the significance level was set at Po0.05. Logarithmic transformations were performed when the assumptions for normality did not hold (i.e. for calcium, phosphorus and vitamin D). Baseline values for the anthropometric measurements, age, selected dietary nutrients and serum concentrations of markers for bone turnover were tested for differences between the milk and the meat group by unpaired two-tailed Student's t-tests. The changes between dayÀ7 and baseline values were calculated for weight and each selected dietary variable and were tested for differences between the milkand the meat group by unpaired two-tailed Student's t-tests. Separate multiple linear regression models were constructed to test the effect of the treatment: milk or meat supplemen-tation (as an explanatory class variable) on the dayÀ7 concentrations of bone markers (as continuous, dependent variables) adjusted for the baseline value of each of the variable. The baseline carbohydrate and fat intake (expressed as a percentage of total energy) and baseline insulin-like growth factor binding protein-3 (IGFBP-3) happened to be significantly different between the groups (all Po0.05) (Hoppe et al., 2004) . Therefore, the regression models were also adjusted for these baseline confounders. Non-parametric Kruskal-Wallis tests for the effect of the dietary treatment on biomarkers of bone turnover (expressed as a change between dayÀ7 and baseline) were also performed and confirmed the outcome obtained from the regression models (results are not presented).
Results
Anthropometry
At baseline, there were no statistically significant differences in all anthropometric variables between the groups ( Table 1) . The weights and the heights of the subjects were within the national reference range (Andersen et al., 1982) . As expected owing to the 3-month time difference in carrying out the two dietary interventions, the boys in the meat group were significantly (Po0.001) older than the boys in the milk group (8.370.1 vs 7.970.1, respectively). After 7 days, the boys in the milk group increased body weight by 0.54 kg compared with no change in body weight in the meat group (P ¼ 0.003).
Dietary intake
The dietary intake of the selected macronutrients of the study population is presented in Table 2 . Incidentally, the baseline carbohydrate energy percentage was 5.2% lower (Po0.005) and the baseline fat energy percentage was 4.6% higher (Po0.05) in the milk group than in the meat group. There were no other baseline differences in the reported macronutrients between the two groups. After the intervention, daily protein intake increased in the milk group by 53 g and by 42 g in the meat group, which illustrates satisfactory compliance (P ¼ 0.58 for the difference between the groups). After 7 days, the carbohydrate energy percentage decreased (P ¼ 0.0003) in the meat-compared to the milk group and the fat energy percentage decreased (Po0.0001) in the milkcompared to the meat group. The change in total energy intake (day 7 minus baseline value) was not significantly different between the two groups (P ¼ 0.3).
The dietary intake of the selected micronutrients of the study population is presented in Table 2 . At baseline, there were no statistically significant differences in these variables between the two groups. In the milk group, the baseline daily intake of calcium, phosphorus and magnesium was higher than the recommended daily intake (RDI) by 43, 150, 31%, respectively; and in the meat group by 34, 133, 28%, respectively (Alexander et al., 2004) . In both groups, the baseline daily intake of vitamin D covered only 34-38% of the RDI (Alexander et al., 2004) . After 7 days, the daily intake of selected micronutrients increased in the milk group and decreased in the meat group. The changes in calcium, phosphorus, calcium:phosphorus ratio and magnesium intake (dayÀ7 minus baseline values) were significantly different between the groups (o0.0001) and the change in vitamin D intake (dayÀ7 minus baseline value) tended to be different between the milk-and the meat group (P ¼ 0.07).
Serum biochemical measurements
The serum concentrations of markers for bone turnover (Table 3) are comparable with the levels of markers of bone turnover observed in another studies conducted on prepubertal, European boys (Seydewitz et al., 2001; Kanbur et al., 2005) . At baseline, the markers for bone turnover were not significantly different between the groups. After 7 days, s-OC was reduced (P ¼ 0.003) in the milk group compared with the meat group (À30.9 vs þ 6.4%, respectively) and s-CTX was reduced (P ¼ 0.04) in the milk group compared with the meat group (À18.7 vs À1.0%, respectively). The concentrations of s-BAP decreased (P ¼ 0.06) both in the milk-and the meat group (by À3.9 and À7.5%, respectively). The effect of the dietary treatment remained significant also after adjustment for body mass index.
Discussion
This study compared the effect of a high milk and a high meat intake, identical in amount of protein, on bone turnover during prepuberty. We showed that the high intake of milk, but not meat, decreased markers for bone formation and resorption in 8-year-old boys after 7 days. Previously published studies, investigating the effect of milk on bone metabolism during growth, contradict with our results. In a study conducted on 12-year-old girls, markers for bone turnover: s-OC, s-BAP, urinary deoxypiridinoline (u-DPD) and urinary N-terminal telopeptides of type I collagen (u-NTX) did not change significantly between a milk and a control group after 1 1 2 years, although the authors reported a greater increase in BMD and BMC in the milk group (Cadogan et al., 1997) . In another study, 10-year-old girls, supplemented with milk for 2 years, had significantly higher bone mineral accretion, decreased s-BAP and not significantly different s-OC and u-DPD levels compared with a control group (Du et al., 2004; Zhu et al., 2005) .
These studies were, however, different from our study in several ways. First, in each of these two studies, a diet supplemented with milk was compared with a habitual diet, with respect to bone turnover and bone density. As expected, the girls in the milk groups had B10 g higher protein and B400-500 mg higher calcium intake per day, than the girls in the control groups (Cadogan et al., 1997; Du et al., 2004; Zhu et al., 2005) . Therefore, the results could not clarify whether the observed effect of milk on bone metabolism occurred owing to an increased total protein intake in the supplemented group or owing to other active compounds derived from milk. Additionally, in the study by Cadogan et al., the markers for bone formation were analyzed in nonfasted serum, which obscured the interpretation of the results owing to an increased circadian variation of the analyzed biomarkers (Clowes et al., 2005) . Furthermore, markers for bone turnover are strongly determined by pubertal development and gender (Fares et al., 2003) . It has been previously reported that a response of bone turnover to a calcium treatment varied between prepubertal and peripubertal children (Slemenda et al., 1997) ; and between girls during pubertal spurt and at adolescent age (Matkovic et al., 2005) . Therefore, the results obtained in the present study (i.e. from the prepubertal boys) cannot be entirely compared with the results obtained by Cadogan et al. and by Zhu et al. (i.e . from teenage girls). Finally, the inconsistency between our and previously published data could also be explained through different durations of the dietary interventions.
The mechanism(s) by which high milk intake affected bone turnover could not be determined by our study. However, the main strength of this study was controlling for the amount of protein in the milk and the meat supplements, to obtain the same dietary intake of total protein in the two groups. Using this design, we were able to show that the decline in bone turnover in the milk group was not due to the total protein intake, but to some other milk-related factors. One possible explanation could be related to milk-derived peptides. Milk proteins consist of casein and whey fractions, and the latter has been recognized as a potential bone-beneficial factor. In in vitro studies, whey was reported to stimulate proliferation and differentiation of murine osteoblastic MC3T3-E1 cells (Takada et al., Abbreviations: s-BAP, bone-specific alkaline phosphatase; s-CTX, C-terminal telopeptides of type I collagen; s-OC, osteocalcin.
a P-values for the effect of milk and meat on dayÀ7 value of bone marker, adjusted for its baseline value and the baseline confounders.
Milk, but not meat, decreases bone turnover AZ Budek et al 1996), suppress osteoclast-mediated bone resorption and decrease formation of osteoclasts (Takada et al., 1997) . Similarly, in a randomized placebo-controlled human study, whey acidic fractions significantly decreased (Po0.05) u-NTX and u-DPD, however, did not significantly affect s-OC and s-BAP, in young women (Aoe et al., 2001) . Interestingly, it has been observed that 1% whey diet, significantly (Po0.05) elevated synthesis of insulin-like growth factor-I (IGF-I) mRNA in rats compared with a control treatment (Kelly et al., 2003) and in the present study, as reported previously (Hoppe et al., 2004) , high intake of milk, but not meat, increased (P ¼ 0.001) serum IGF-I concentrations. Although how dietary protein regulates IGF-I during growth remains unclear, our results suggest that the decline in bone turnover in the milk group might be, at least to some extent, mediated via IGF-I; a systemic growth factor possessing a key role in modulating bone turnover (Canalis, 1993) . In contrast to the dietary protein intake, our study was not designed to obtain the same intake of calcium in both groups. Thus, the higher calcium intake related to the milk supplementation could be an alternative rationale behind the observed decline in bone turnover in the milk group. Several intervention studies have shown a reduction in bone turnover after calcium supplementation in children. In a randomized, double-blinded trial, conducted on predominantly prepubertal children, significantly lower (P ¼ 0.001) s-OC concentrations were seen in a calcium supplemented group (1000 mg/day) compared with a placebo group (Dibba et al., 2000) . Similarly, monozygotic-twins, supplemented with 1000 mg/day calcium for 3 years, had lower (Po0.05) s-OC concentrations compared to a placebo group (Johnston et al., 1992; Slemenda et al., 1997) . It has been hypothesized that the calcium-related decline in bone turnover can be explained by bone remodeling transient (Heaney, 1994) . Namely, an increased calcium intake decreases a frequency of osteoclasts' activation in the beginning of remodeling cycle, causing a subsequent decrease in bone resorption and formation rate and an increase in the amount of BMC. Bone remodeling transient is a well-recognized mechanism responsible for an antiresorptive action of calcium later in life, when bone tissue undergoes a constant loss. However, although it has been suggested that lower bone turnover observed in American black children, compared with white children, may explain a higher BMD in the black population (Slemenda et al., 1997) , it remains unclear whether bone remodeling transient promotes higher peak bone mass during growth.
The study has some limitations. The participants were not strictly randomized, but from all eligible boys, the first 14 were assigned to the milk group and the next 14 to the meat group. However, the boys were randomly drawn from the Central Personal Register at the same time, and there were no systematic differences in lifestyle factors between the boys in the milk and the meat group. Secondly, there were unexpected, statistically significant differences in baseline carbohydrate and fat intakes (expressed as a percentage of total energy), and serum IGFBP-3 concentrations between the groups. However, all other baseline variables were not significantly different, and the statistical models were adjusted for the mentioned baseline confounders. Furthermore, although the study design enabled to control for the intake of dietary protein, the boys in the milk group had significantly higher calcium intake compared with the meat group. Yet, the changes in dayÀ7 and baseline energy and protein intake, both important dietary determinants of bone metabolism, were not significantly different between the milk and the meat group. Finally, it was a short-term interventional study, and it is not known whether a decline in markers for bone turnover would persist over a longer time, and whether it would promote an increase in peak bone mass during growth.
To summarize, this study illustrates that at equal dietary protein intake, high milk, but not meat, consumption decreases markers for bone turnover in prepubertal boys after 7 days. This effect was probably due to milk-derived peptides and/or due to milk-related increase in calcium intake. Future studies should be carried out to elucidate the mechanism(s) behind the observed decline in bone turnover and whether this decline would promote higher bone mineral accretion during growth.
